165 CCD = charge-coupled device; FIAU = 2′-fluoro-2′-deoxy-1-beta-D-arabinofuranosyl-5-iodo-uracil; HSV-Tk = herpes simplex virus thymidine kinase; MHC = major histocompatibility complex; MRI = magnetic resonance imaging; PET = positron emission tomography.
Introduction: the in vivo renaissance
The early phase of exploration of the lymphoid system generated a wealth of information about anatomy and in vivo responses. Our ability to define molecular structures in the context of the anatomy of the in vivo immune response, first with antibodies and more recently with tools of molecular genetics, has increased the ability to incisively test hypotheses through in vivo experimentation. This is leading to a renaissance in a variety of in vivo studies, mostly focused around genetic manipulations. The molecular genetics tools are also complemented by new technologies to image the movements and interactions of cells in vivo.
The present review will focus on emerging technologies that allow in vivo imaging of specific cells or molecules using noninvasive methods or direct microscopic imaging of single cells in the in vivo environment using minimally invasive methods. Microscopic imaging has the advantage of being able to study single cells in action. Invasiveness in this case refers specifically to the need for surgical procedures to expose tissues for high-resolution imaging of cells or molecules of interest. The advantages and limitations of each approach are discussed with a specific emphasis on imaging in joints and on work directly relevant to rheumatoid arthritis. This information is summarized in Table 1 .
Whole animal imaging
Imaging of events in intact live animals is a powerful approach primarily because it allows studies over time with minimal perturbation of the experiment. These methods also couple in powerful ways with molecule genetics technologies that allow in situ labeling of cell populations expressing specific genes. The present review will also discuss recent studies in this area with direct relevance to animal models of rheumatoid arthritis.
Bioluminescence imaging in intact animals [1]
The expression of luciferase has for many years been a powerful tool in gene expression studies. This is because the substrates in the luciferase reaction generate no signal (light) in the absence of luciferase. Instruments that detect luminescent reactions can be optimized for sensitivity to light without the necessity of rejecting any significant
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In vivo imaging approaches in animal models of rheumatoid arthritis background signals. Only in recent years have cameras become sensitive enough to detect the faint light emissions of the luciferase reaction from within intact animals.
The most useful detectors are back-illuminated, cooled, charge-coupled device (CCD) cameras that have very low background and very high 'quantum efficiency' (the proportion of photons hitting the detector that are converted into a usable signal). Back-illumination refers to a method of preparing the CCD sensor so that the photons directly strike the light-sensitive thinned back surface, in contrast to conventional CCDs where photons pass through nonlightsensitive elements on the front of the CCD with a resulting loss of efficiency. These systems also have very low noise, and long exposures can therefore be used to integrate the signal over time and to obtain a usable signal.
To apply this approach, the luciferase gene can be introduced into an animal using transgenic or homologous recombination technology to place luciferase expression under the control of specific genetic elements. When transcription of luciferase is activated, the cells or tissues expressing the gene can metabolize injected substrates (luciferin in the presence of endogenous ATP), which are nontoxic. The substrate metabolism can generate a signal detected by the external camera with the only requirement that the animal is anesthetized so that it does not move during the imaging period. Breathing causes movements in the thoracic area, but these are not significant compared with the general resolution. The drawback of this method is that the light emitted from the luciferase reaction is yellow-green, and thus is highly scattered as it passes through tissues and exits the animal. The resolving power is therefore low (millimeters). However, this is certainly adequate to identify cell migration or gene expression within the joint with a detection threshold in the order of 10-100 cells.
Lymphocytes for transfer studies could be prepared from luciferase expressing transgenic mice. Luminescence imaging has been applied to studies on cell transfer in the murine autoimmune disease model experimental autoimmune encephalitis [2] and has been applied to examination of transcription factor nuclear factor-κB in inflamed mouse joints [3] . This approach has also been used to track antigen-specific T cells for gene therapy of collageninduced arthritis in mice [4] . Application of the luminescence methodology to humans would be problematic due to the greater thickness of human skin as a barrier to photon escape and detection. Shifting the luminescent emission to the red end of the spectrum might improve these prospects [5] . Transcutaneous imaging of cells expressing green fluorescent protein and other fluorescent dyes has also been demonstrated with similar resolution to the luminescence-based imaging, but with less sensitivity owing to the greater background from autofluorescence and scattered excitation light [6] .
Radioactive tracer imaging in intact animals
Radioactive tracer studies offer greater penetration and quantitative integrity compared with optical imaging methods because the emissions from radioisotopes have less interaction with tissues than does light. Of the available methods for radioisotope imaging, that with the best resolution for small animal imaging is positron emission tomography (PET).
PET imaging is based on isotopes such as 14 F and 64 Cu, which decay by emitting positrons that, on collision with an electron, emit γ-rays at 180° to each other. Arrays of detectors surrounding an animal can simultaneously detect these γ-emissions and then determine with great precision the line along which the emission was localized. From a number of such emissions, the PET method can build an image in which the source can be localized with a resolution of ~2 mm.
The limitation of PET imaging is that the positron-emitting isotopes have short half-lives so they can only be used to follow the cell or molecule in vivo for a day or two at most. Within this time span, however, very important results can be obtained. A striking recent example is a study on the interaction of antibodies to glucose-6-phosphate isomerase, a ubiquitous enzyme [7] . These antibodies transfer arthritis and are specifically produced in mice transgenic for the KRN T-cell receptor on a nonobese diabetic mouse genetic background. A mystery in this disease process is why antibodies to a generally expressed enzyme would specifically induce a joint disease. Anti-glucose-6-phosphate isomerase antibodies were labeled with 64 Cu and injected into recipient mice, which were then subjected to micro-PET analysis (a PET scanner configured to produce high-resolution images of small animals). It was found that the anti-glucose-6-phosphate isomerase antibody was rapidly concentrated in distal joints (the targets of the disease), while control IgG did not show this localization [7] . Therefore, an important advance in understanding the pathological effects of autoantibodies in a rheumatoid arthritis model was made using PET imaging of molecules. PET imaging is performed with human subjects where the short-lived isotopes are considered to pose a small risk and much information is gained, particularly regarding the metabolic status of tissue [8] . In vivo studies on autoantibody involvement in human rheumatoid arthritis are thus possible.
An alternative mode of imaging is the use of single photon imaging of γ-emitting isotopes like 111 In or 99 Tc. Imaging of γ-emitting isotopes is referred to as single photon emission commuted tomography. This approach as been used to follow isotope-labeled materials in joints of arthritis patients. It has the advantage that the individual components can be radiolabeled and followed in vivo, but has the disadvantage that γ-emitters of sufficiently high activity also have relatively short half-lives. Cells can be labeled prior to transfer to animals or can be labeled in situ by injection of monoclonal antibodies labeled with appropriate isotopes [9, 10] . This method has lower resolution than PET, but is simpler and utilizes isotopes such as 111 In that are readily incorporated into live cells. These isotopes can also be detected with γ-cameras with similar resolution.
A drawback of both the PET and single photon emission commuted tomography methods is that the isotopes have short half-lives, making long-term tracking impractical. This problem has been partially overcome for experimental animal models through the expression of herpes simplex virus thymidine kinase (HSV-Tk) in cells of animals and then injecting the animals with 2′-fluoro-2′-deoxy-1-beta-Darabinofuranosyl-5-iodo-uracil (FIAU), a compound that is specifically accumulated in cells expressing the HSV-Tk gene product [11] . Similar experiments have been performed with rat myocardium using other tracer compounds, but FIAU appears to be the best [12] [13] [14] . This approach allows an elegant combination of molecular genetics and noninvasive imaging: the presence of the HSV-Tk gene can mark a specific cell population in a specific state of activation based on the activity of the promoter controlling expression of the HSV-Tk gene. The animals expressing tagged cells can then be labeled with radionuclide-tagged FIAU (for either single photon emission commuted tomography or for PET imaging) on repeated occasions over a long period of time. The HSV-Tk cells can then be located as long as they are not in organs like the bladder that accumulate FIAU as part of normal metabolism and excretion of the FIAU.
MRI of transferred lymphocytes
A promising technology for tracking cells deep in animals is the use of paramagnetic contrast agents taken into cells using cell-penetrating peptides in conjunction with MRI [15, 16] . This method uses the HIV tat peptide, a highly cationic peptide that has the ability to enter into cells through the plasma membrane in an energy-independent process and to bring along large cargo [17] , linked to superparamagnetic iron [18] . In vitro MRI imaging of bone marrow material populated with a few cells that had taken up the paramagnetic iron shows that single cells are detected as 'signal voids'. Because this is a dark signal on a light and variable background, the actual sensitivity may not reach the single-cell level in vivo. However, T-cell infiltrates in nonobese diabetic mice were readily detected in the pancreas [16] . This suggests that the sensitivity is sufficient to be useful in tracking cells in inflammatory infiltrates. This contrast agent allows the detection of cells in the context of the normal high level of tissue contrast that can be attained with MRI. This method is relatively new and has not been extensively applied to autoimmune situations. One important issue will be the minimum number of cells, which can be tracked.
Ultrasound imaging with microbubbles
A novel type of specific tracer for noninvasive cellular imaging is the use of ultrasound to image cells specifically tagged with stable microbubbles [19] [20] [21] [22] . These studies demonstrated that the microbubble contract agents of various surface chemistries are readily phagocytosed by leukocytes attached to inflamed blood vessels. These phagocytosed microbubbles were more stable than extracellular microbubbles and thus could be imaged with high contrast. Microbubbles could also be specifically targeted to inflamed endothelium with antibodies to P-selectin (CD62P). The tendency of microbubbles to attach to leukocytes in inflamed vessels may correlate with the utility of these contrast agents in detecting active arthritis in the knee [23] . The utility of ultrasound may be enhanced, and the mechanism of contract agent accumulation is better understood and specific targeting strategies for contrast agents developed for clinical use.
Microscopy approaches
Microscopic approaches allow the resolution of cellular and subcellular details with high numerical aperture objec-tives. The general drawback of these methods is that they do not allow this level of resolution transcutaneously, and therefore require surgical exposure of the organ or tissue of interest. These invasive methods must be approached with great care since the surgical procedures are well known to induce leukocyte adhesion to endothelial cells and other effects, which may render the surgical preparations different in some ways from intact tissues. Nonetheless, microscopy is essential to address questions of single cell and supramolecular dynamics in vivo.
Intravital microscopy
Fortunately for immunologists and rheumatologists interested in surgical procedures for in vivo imaging, there is a rich arsenal of procedures for imaging within almost all major organs of mice or rats. Almost all were developed originally for microvascular research and then adapted for inflammation research. A nonexhaustive list includes the brain, the liver, the lungs, the muscle, the spleen, the lymph nodes, the pancreas, the mesenteries and the skin [24] [25] [26] [27] [28] . Each of these preparations has unique strengths and caveats, and most show some effects of surgical trauma that must be considered in interpreting the results. For example, in the cremaster muscle preparation, the abundant rolling leukocytes in the venules are due to P-selectin upregulation on endothelial cells in response to surgical trauma [25] .
It is important to note that there is a recently developed intravital preparation for mouse joint synovium [29] . The synovium is exposed for imaging by partial resection of the patella tendon. This preparation has been used to evaluate the effects of anti-inflammatory drugs and nitric oxide inhibition on leukocyte recruitment to rheumatoid synovium [30] [31] [32] . The important results were that inducible nitric oxide synthase was protective in acute joint inflammation but had no influence on chronic synovial inflammation. The nonconventional anti-inflammatory drug oxaceprol reduced leukocyte adherence to synovial microvessels and generally reduced the signs of inflammation. The groundwork for further studies on the dynamics of lymphocyte interactions in the synovium has thus been established.
Most of the work in intravital imaging of leukocytes has focused on the interaction of lymphocytes with endothelial cells, and has only minimally addressed the issues of what leukocytes do after they extravasate. While leukocytes in blood vessels have high contrast, the extravasated leukocytes in tissues generally lack contrast and can only be tracked by fluorescence imaging of labeled cells. Those workers studying leukocyte interactions with blood vessels have also had a very clear hypothesis in the form of the multistep paradigm, which argued for rolling, activation and arrest steps executed by selectins, chemokines and integrins [33, 34] . This hypothesis created a clear framework for many studies to identify these components, or their absence, in different tissue sites for different leukocyte subsets.
A hypothetical framework for migration of leukocytes and lymphocytes in tissues is provided by the multistage guidance of leukocytes by chemokines and bacterial products [35] , and by the concept that antigen receptor engagement delivers a stop signal for lymphocytes [36] . While the movement of leukocytes in blood vessels is fast and much data can be collected in a couple of minutes of recording, the migration of leukocytes in tissues is relatively slow and requires many minutes of recording to track cells. This longer imaging period requires greater stability of the preparations. A few studies have now documented that leukocyte and lymphocyte migration in the parenchyma of tissues can be followed in vivo by imaging in thin tissues like the mesenteries or by fluorescence intravital microscopy, but there has been very little systematic analysis of this migration at this point [37] [38] [39] . Werr and colleagues clearly established that the collagen receptor VLA-2 has an important role in the migration of leukocytes in the rat mesenteries [37] . At this point, the adhesion systems used by lymphocytes for migration in tissues are not known.
An intermediate step between in vitro and in vivo studies on tissue migration of lymphocytes is the use of organ culture systems. A very useful experimental system is based on thymic organ cultures in which positive and negative selection in thymocyte maturation can be recapitulated in long-term culture models. Imaging of fluorescently labeled thymocyte migration in thymic organ cultures demonstrates both dynamic and stable interactions that were dependent upon positive selecting MHC-peptide complexes [40] . The power of this system is that imaging results can be directly related to the functional maturation of thymocytes in the culture system.
Lymph node organ cultures are not a traditional system in immunology, yet imaging of lymph nodes from mice into which a few million fluorescently labeled T cells or B cells had been transferred was an informative experiment. The lymph nodes were excised and immediately superperfused with highly oxygenated media in an effort to maintain oxygen levels within the intact mouse lymph node, which is about 1 mm in diameter. Both T cells and B cells in the cultured lymph nodes displayed dramatic motility, which was restricted to the T-cell zones and the follicles, respectively, but was otherwise random in direction [41] . While it was not clear whether oxygen was a critical parameter for these experiments, a clearly critical parameter was temperature. The motility of T cells in the lymph node was critically dependent on the temperature being close to 37°C. The motility dropped steeply below, and also above, this level. The increased local temperature associated with inflammation in tissues may therefore play a role in optimizing leukocyte migration in the site. It is probable that this rapid, random migration, which was not previously postulated, is a critical element in the search of lymphocytes for presenting cells with appropriate antigens. T-cell receptor engagement appeared to deliver a stop signal in both systems [41, 42] .
These organ culture experiments will probably serve as stepping stones to in vivo observations now that it is clear that there are interesting things to be learned from following migration of labeled lymphocyte populations. It was also demonstrated that a sufficiently high resolution can be obtained for imaging the distribution of molecules within individual cells, making it possible to approach analysis of formation of the immunological synapse, a specific supramolecular pattern of receptors involved in immune cell communication, in vivo [42, 43] .
Two-photon microscopy
One of the limitations of high-resolution optical imaging is that it is very sensitive to light scattering by biological tissues. This makes the effective imaging depth for conventional high-resolution microscopy around 0-50 µm into a tissue. Cells can still be detected for another 50 µm, but all detail on the micrometer scale is lost.
Two-photon microscopy is a powerful method for imaging deeper within tissues that takes advantage of the lower light scattering with infrared light [44, 45] . This is demonstrated by the classic childhood experiment of holding a flashlight to one's hand and observing that the light that penetrates is red. Two-photon excitation is based on the excitation of fluorescence for typical visible excitation fluorophores with two photons of low-energy infrared light. The two photons have to be absorbed by the fluorophore in rapid succession such that the instantaneous intensity of light has to be millions of times brighter than that typically used for conventional fluorescence excitation. This extreme brightness is accomplished using a mode-locked titanium-sapphire laser, which emits light in fentosecond pulses. While the average power is similar to that used in conventional confocal microscopy, the peak power is 10 6 times higher. The beam is then expanded to fill the back aperture of the objective and is focused to a diffractionlimited spot in the tissue. Only at this focal point is the density of photons sufficiently high to achieve multiphoton fluorescence excitation, resulting in a very small volume of 0.2 µm wide × 0.5 µm high. The laser beam is scanned through the specimen and all the light that is emitted is collected by a photomultiplier mounted as close to the back of the objective as possible. No pinhole is needed since the excitation volume defines the image plane. The emission can be highly scattered as it exits the tissue, but only needs to hit the detector to count toward the signal.
The practical depth of imaging achieved with multiphoton imaging depends on the objective used, on the tissue and on the exact wavelength that is used for excitation. In the brain, it is possible to image up to 300 µm with submicron resolution. Lymph nodes appear to have more background signal and scattering than the brain, but imaging over 100 µm deep is still readily achieved and cellular signals can be identified up to 200 µm [46] . Advances in technology such as gradient refractive index lenses may enable much deeper high-resolution imaging in the future.
Future studies
A clear direction for future studies will be the direct examination of T-cell migration and cell-cell interactions in the rheumatoid synovium. This process may be studied at many levels, from cell populations by noninvasive methods to single cells by direct microscopic observation after simple surgical procedures to expose the synovium. Mice expressing fluorescent proteins in specific tissues will be valuable for these future studies.
There are a number of key questions about cell dynamics in the synovium. We should know in the near future the general utility of these approaches in evaluating therapeutics and disease models. It is most probable that these approaches will yield surprising results and will be highly informative in the effort to cure arthritis.
